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EFFECT OF PROPELLER SLIPSTREAM OITWING AND TAIL*

The results of wind-tunnel tests for the determina-
tion of the effect of a jet on the lift and downwash of a
wing are presented in this report. In the first part, a
set without rotation and with constant velocity distribu-
tion is considered - the jet %eing produced by a specially
designed fan. Three-component, pressure distribution, and
downwash measurements were made and the results comyared
with existing theory. The effect of a propeller slipstream
was investigated in the second part. In the two cases the
jet axis coincided with the undisturbed wind direction. In
the third part the effect of the inclination of the propel-
ler axis to the wing chord was considered, the results be-
ing obtained for a model r~ing with running propeller.

I. INTRODUCTION

Attempts that have hitherto been made at constructing
a useful theo,ry of the Iongitufi.inal stability of an air-
plane in powered flight, have all come up against the dif-
ficulty involved in the fact that the effect of the pro-
peller slipstream on wing and tail has not yet been suffi-
ciently investigated. In the present paper a study is made
of the mutual interaction of propeller, wing, and tail -
the fuselage effect for the present not being investigated.
The order of the three elements considered, namely, pro-
peller, wing, and tail thu~ corresponds to the arrangement
of multi-engine airplanes mith side engines. The problems
to be solved are the two following:

i

‘1.! i
ML
;JI a) The effect of the propeller slipstream on the wing
,, lift distrilmtion;I,j
>*

!
{i b) The effect of the propeller slipstream on the veloc-
.~t[’ ity and direction of the flow at the tail loca-

tion.[,:‘1

1
f’ .-.______---- _____------,,.-_,,---------------------..._.-,.-.. _._-.._,.,...____---_ ~._--.-. ,_

*“Xinfluss d.es SchraubeP-strahls auf Fl~~gel und Leitwerk. “
Luftfahrtforschung, vol. 15, no. 4, April 6, 1938,
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The variable parameters of chief importance are: the
angle of attack, the setting of the propeller axis to the
zero-lift direction of the wing, the angle %ctween the
propeller axis and the relative mind direction, and the
propeller V/nD and thrust coefficient. The vertical po-
sition of the wing in tho jet was not varied in our tests,
the propeller axis always being on a level with the wing.
The side engines in present-day airplanes are mounted ex-
clusively in this manner, and in individual types the dif-
ferences in the vertical locations of the engines amount
at most to a value of the order of the wing-section thick-
ness. As has %een shown ly both theory and experiment
(reference 24), a slight displacement of this kind pro-
duces no effec~ on th~ lift ~elations.

TABLE I
.--——.———-—____

Airplane

———————————————-

Do 17
He 111
Ju 86
Lockheed 12
Lockheed 14
Boeing 247-D
Burnelli UB-14
Douglas DC 3
Douglas DC 4

Ha 139

Martin 130

Martin 156

Sikorsky S-42

——-—————.————__—

_—________ .____—__

~~
t \

-——_—______ .___———__
().92

68
:74

1.02
.84
.68
.66
.82

inside .60
out side .72
inside .76
outside .76
inside .30
outside .28
inside .32
outside ,34
inside .42
outside .42

-——..__. ._____—_—————

.—__—————
E
T

.-_—____——_

0.52
.34
.27
.46
.45
.43
,41
● 43
.33
,40

● 21
.21
.26 ~
.25
.31
.32
.24
.24

—————————-,

—

.————-_-———
2A—-
b

.——————————

0.28
.23
.25
.27
.28
.21
.15
.19
.19
.41
.23
.49
.13
,32
.11
.29
.12
.33

,—————————

Talle I gives dimension ratios of the most important
representatives of modern multi-engine airplanes, the no-
tation being indicated on figure 1. It is evident, from an
inspection of the table, that in spite of the variety of
the types of airplanes, the numerical values indicated vary
only within narrow limits. The effect of a jet on a wing
for the case where the outside air velocity is zero - that
is, the problem of a wing spanning a free jet - has been
extensively investigated both theoretically and experimen-
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tally (references 3, 10, 18, 19, 21, 23, and 24). The case
where the qxternalair is in motion was treated theoretic-
ally by C. llerrari (reference 7) and. C. Konj.ng (reference
14). l?errari neglected to take into account the loundary
condition that must be satisfied at the jet-boundary sur-
face . He found that...thcirculationon of the, wing-was%.,not

? -----,----
@.a.?sed .l.w...,thyr.o~e,llerlersli~sti”~e-aiii~-’so”-”%hatthe increase

‘ in l~f-+ in the jet w~s”>r””o~-~r~~n>l to the increase in the
@ovelocity in the jet. Konlng determined th&._jet__effect.<or

the case where the jet-boundary condition was satisfied.
On account of the great mathematical difficulties involved,
however, he was forced to make the following simplifying
assumptions. The angle between the relative wind direc-
tion and the jet axis was equal to zero; the jet was free
from rotational components and had constant velocity dis-
tribution over the cross section and along the jet axis.
Furthermore , it was necessary to assume tb.at the addition-
al velocity in the jet was STIIaI-1compared with the main
tunnel velocity in order that the problem might le “lin-
earized.” A comparison of the investigations of Ferrari
and Koning gives the remarkable result, namely, that the
relatively rough computation of Ferrari leads to the cor-
rect value for the total increase in lift produced hy the———._
propeller slipstream, “out that the added J.l-fi=,~&t+~_~U~io.n
@YQr the SP8.Q..de.viat.qs..st.r.~ngly...x.ornr<t<~e~eac,tual dlstribu-
-tL,ii.o”n”;‘-‘“-“~hfi-Sis explained the

---- . .
good agreement of Ferrari ts

computations with the refiults of measurements where the
distribution of the lift is not taken into account. Nei-
ther theory is capable of giving any clear predictions as
to the actual downwash relations.~

The simplified assumptions of the theory of Koning
limit its usefulness for practical application. On the
other hand, since the great multiplicity of factors in-
volved - nonuniformity of velocity distribution aild rota-
tion in the jet, mixing region at the jet boundary, incli-
nation of propeller and jet to the relative wind, effect
of the friction layer, etc. - make exhaustive theoretical
treatment very difficult, if not impossible, the solution
of the problem must first be sought along experimental
lines. For the purpose of learning the effect of the in-
dividual parameters and their mutual interaction, the fol-
lowing. investigation prog.ram,was form-dated.:

/

/;’ 1. Effect on a wing of a jet without rotation with

1’ constant velocity distribution, the relative wind direc-
,1 tion and the jet axis coinciding (the case treated by

Koning); three component measurements, determination of
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the lift distribution by pressure -dictrilnztion measurements,
. determination of the do~nwash at the tail location.

2. Effect on a wing of -propeller slipstream with rota-
tion, the propeller axis and the relative wind direction
coinciding; three-component and pressure-distribution meas-
urements, determination of the downwash in magnitude and
direction.

3. Interaction of wing and propeller. The angle be-
tween the propeller axis and the zero lift direction of
the wing to he varied between 0° and 15°. Three-component
measurements and yressure-distribute on measurements, deter-
mination of the downwash relations, effect of the propell-
er V/nD.

4. Investigations on a twin-engine airplane in flight;
pressure-distribution measurements in propeller sl-ipstream,
downwash and long~tudinal-stability measurements, with par-
ticular account taken of jet effect.

5. Six-component and pressure-distribution measure-
ments on a model of a twin-engine airplane with propeller
running; comparison with flight-test measurements, deter-
mination of effect of direction o.f proneller rotation on

the down-mash and stability relations; ~ffect of angle be-
tween propeller axis and plane of symmetry of airplane.

6. Determination of the shielding effect of an air-
plane propeller operating with negative thrust.

The first three points of the above program are treated
in the present report.

II. VIN3-TUNNZL CORRECTION

The data presented in this report are the uncorrected
wind-tunnel measurements, since for the purposes of this
work the application of such. correction wa~ not considered
necessary. For the sake of completeness, the values of
the wind-tunnel corrections are given here. The correc-
tion ACL, which must le applied to the angle of attack in
order that the lift in the bounded. tunnel flow equal that
of the infinitely exteiidcd flow, may be expressed as fol-
lows :
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where F is the win,g area

F0, tunne,l cross- sectional area

6*, correction factor

For the case of the two model uings here considered:

p = 0.16 m2

so that with F. = 1.765 m2

F/F. = 0.0906

In the computations made along the tunnel axis there
is obtained for the value at the center of the wings, tak-
ing into account the end disk effect at the wing location:

.a) 6* = 1.000

so that au = 0.0113 c~ “

b) For the mean value over the wing:

and Aa = 0.0il_5 Ca

At the distance of 2.5 t behind the leacling edge of the
wing, there is o%tained:

S* = 1.720

and Aa = 0.03.’94Ca

A further computation showed that the latter value

did not change appreciably within the limits of variation
of the vertical location of the neasuring instruments for
the determination of the downwash relations (vaile, sphere,

,,two-prong apparatus)., It may be notqd in this connection
that”.in determining the drag, correction was always made
for the drag of the end disks and fairings in addition to
that of the suspension members.

!“
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III. EFFECT ON A WING Ol?A JET WITHOUT ROTATION ‘i71TH

CONSTANT VELOCITY DISTRIBUTION

Test Set-up and Procedure

The mfiasurements were made on a wing of symmetrical
section (Gottingen 409) having a span b = 80 cm, chord ?
= 20 cm between two circular end. disks of diameter h =
32 cm. Figure 2 shows the test set-up for oltaining the
polar curves. The wing is suspended on a three-component
lalance in the wind tunnel of the propeller-research labor-
atory. In front of the wing is the fan for producing the
rotation-free jet. Figure 3 shows a cross section of the
blower. The main rotational components of the jet pro-
duced hy propeller a arc removed by the vanes b. The
honeycomb d further straightens the jet while the con-
stancy of the velocity distribution is o%tained by suita-
ble choice of the mesh e. The tQroat f -with the exit
diameter 2R = 12 cm has a slight flare at the end in or-

der to oppose the jet contraction. Figures 4 and 5 show
the dynamic pressure distribution for the two operating
conditions under tihich the tests were conducted (q = dy-
namic pressure of undistur-oed flow, q. = dynamic pressure
in jet). The measurements were made in the plane bisected
by the jet at various dj.stances x from the plane of the
throat outlet. Particularly to “DC noted is the only very
sliSht increase in the extent of the mixinS zone with in-
creasing distance from the throat. The velocity of the
undisturbed flow Vm for all the measurements amounted to

30 m/s (6’7 m.p.h.). The relative increase s in the ve-
locity in the equation:

v = (1 + s) Vm

(V is the velocity in the jet) has the values, respective-
ly, 0.18 and 0.36. The friction boundary layer of the fan
enclosure produces a dynamic pressure drop in the transi-
tion regio~ between jet and undisturbed flow. It is to he
assumed that this cyliilder of slowed-down velocity acts as
a ccrta,in shield against the interfereilce of the flow proc-
esses within and outside the jet. The jet was-,$~und t< be
;y_:_efrom rotation.

-—.-,--, . ._..J..

In all the measurements the wing was located at the
center of the jet; the changes in the angle of ,tittack were
effected ‘by rotating the wing shout the leading edge. Tw O
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.>

series of measurements were matle at distances of 0.25
chord and 0.5 chord het~een the exit plane of the throat
and’ the ‘wing leading edge. The re”sult”s”obtained we~*e iden-
tical within the limits of accuracy.. The other measurements
were then continued at a distance of 0.25 chord.

Test Results

Figure 6 sho~~ the lift as a function of the angle of
attack. The jet gives rise to an increase

dca
in the lift

slope
~a-’

which increase, however, is not proportional

to the increase in the velocity. The maximum lift in-
creases and f?.o~ separation is delayed to higher angles of
attack. This phenomenon is to Be explained by the effect
on the je% of ,the boundary friction layer of the wing, the
jet acting to delay separation. ~~lereas in the case of
the wing without the jet the flow separation starts at the
wing center, it is found that with the jet acting on the
wing, separation starts outside of the jet region. This
fact is of importance. In the design of an airplane the
plan form and tmistfng Of the wing are so determined that
ill flight at high ang].es of attack separation starts at
the wing center in order to nrevent dangerouS banking of
the wing. This computation is generally conducted without
taking into account the propeller slipstream. NOW the ef-
fect of the slipstream is to support the flow at the cen-
ter and the wing is again exposed to the d.an.gerof wing-
tip stalling. The condition corresponding to power-on
flight at large angles of attack is met with not only in
take-off and climb but also in blind flying and in landing
of seaplanes at full pol~er on smooth water.

Figure 7 shows the polar and moment curves. The jet
has no effect on the moment curve and the polar shows a
constant increment of the drag as a result of the jet.

In order to be a-olc to determine the effect of the
jet on the lift distribution, 17 orifices were lored in
each of 17 measuring stations along the s-pan. Figure 8
shows the test set-up for t’he pressure-distribution meas-
urements. The pressures at each of the measuring stations
were photographically recor”dad ~,~iththe aid of’ the multi-
ple manometer seen in the foreground of the figure. The
pressure distrihution~ for the different angles of attack
are given on figures 9, 10, 11, aqd 12, the pressures
li]qo (where p is the static pressure at the station)
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being plotted against the projections of the orifices” on
the. undisturbed wind direction as abscissas. .The area in-

. eluded ly the pressure-distribution curves (obtained hy
planimeter) is thus the lift contributed at each section.
The figures above the curves are the values of y/R (where
Y is the spanwise coordinate) and hence indicate the posi-
tion of each ,section from the jet center. The lift dis-
tributions for the different angles of attack are shown
on figure 13. It may %e seen that there is an increase in
the lift in the region of the jet %ut that in addition,
there is a large effect also on the portions of the wing
lying outside the jet. The strong decrease in the lift
is due to the friction boundary layer, already referred to,
of the fan enclosed.

Comparison between Theory and Experiment

The first attempt to determine mathematically the ef-
fect of the propeller slipstream on the lift distribution
of a wing was made %y C. Koning (reference 14).

It is convenient here to give a short account of the
theory. To determine the lift distribution of a wing in
parallel flow with propeller slipstream, the flow is di-
vided into the following different parts:

1.

2.

3.

4.

5.

The
ary are:

IIundistur%ed flC)TV,” with the velocity Vm.

llpropel~e~ flOW~” the difference between flow 1
and the flow which would. exist if the propel-
ler were acting in the absence of the wing.

“Wing flow, ‘1the,change in flow caused 3% the
wing in the parallel flow in the a%sencc of
the propeller.

“Additional airfoil flow,” the flow produced 3Y
the change in circulation of the disturbance
flow, related directly to the c?~ange in cir-
culation around the wing, caused by the action
of the propeller.

I!Additional flo~! 1!the flow ~~hich is still to be
added to flows 1, 2, 3, 4,in order that the
%oundary conditions may he satisfied.

conditions’ which must he satisfied at the hound-
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a) The pressure must have the same value on each
side of the boundary, since there are no exter-
nal forces acting on the jet boundary.,..

h) The component of the velocity normal to the bound-
ary is equal to zero since the flow is free from
‘sources and is steady.

Both conditions are satisfied by the flow components
1 and 2, but in general, not by the components 3 and 4.
In order that these conditions may be satisfied, it is nec-
essary to add the additional flow component 5, and the
difficulty of the problem is just in determining this com-
ponent . For the case here considered of a wing of finite
span lying aft of the propeller and intersecting the jet,
an exact solution cannot he given and it is necessary to
be satisfied with an approximation.

In order to be able to carry out the computation at
all, it was necessary for Koning to make a number of as-
sumptions tvhich referred essentially to flow component 2.
Figure 14 shows the position of the wing relative to the
propeller (jet) and to the undisturbed wind direction
for the general case. In the table below the simplifica-
tions assumed in the theory are compared with the actual
conditions.

——._..______ .__________________________

Parameter

———_——..—___—__— ___________

Anglo ‘oetwccn propeller
axis and wind direction

Form of jet

Velocity distribution V=:
a) over the cross

section

b) along the jet axis

Velocity increase in
the jet

Jet structure

——.—.,-——--—.—————_-———.-

Actual condition

char-ges with imgle
Of attack = CL-K

determined by jet
contraction

variable, falling
off at the “edge
and center

variable, in the
plane of the
propeller disk
~r+o . ~ Vxm
.

Uy to s z 0.8

‘.vithrotation

Simplification
by Koningts
theory———— _________ ..

zero

cylindrical

constant;
v= (1+s) Vm

constant

s<< 1, so
that terms
. S2 may
~~ neglected

without rota-
tion
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Th’e.theory also takes no”account of the effect of the ‘
jet on the processes in the frictional boundary layer of
the wing. It is evident that these restricting assump-
tions strongly limit the possibilities of practical appli-
cation of the theory..

The case considered by Koning cannot he exactly repro-
duced in any experiment. A strict proof of the theory
with the aid of the measurements conducted is therefore
not to be expected. The results nevertheless yield some
interesting data.

The continuous lines in figures 15 and 16 show the
lift distribution as computed by Koning~s theory for the
wing and jet used in the test. For the wing without jet
(dotted curve) the lift distrilmtion was computed by the
method of I. Lotz. In the region of the jet %he measured
lift coefficients are smaller than “is “required %y the theo-
ry. To a large extent this deviation is due to the 10SS
in dynamic pressure due to the friction layer of the blower
body as isalso shown by the sharp drop in lift at the jet
%oundary. Outside of the jet the test results as well as
the theory show the surprisingly large effect of the jet.
According to the theory, the relative increase in lift due

to the jet
Aca(y)-—----
%-l.(Y)

is independent of the angle of attack,

the variation of this value along the span .for “our case be-
ing shown in figure 17. If these values are compared with

the values of
Aca(y)———— — o%tained from the measurements (fig*
cao(Y)

18), the iatter show considerable dependence on the angle
of attack. For this dependence on the angle of attack, two
reasons may he given. First, the effect of the, loss in
dynami~ pressure at the jet boundary depends very strongly
on the angle of attack as may be seen from fi.gizres15 and
16. Secondly, the jet - whose diameter is smaller than
the wing~ R/t = 0.6) -’‘is deformed with increasing
angle of attack, the jet expanding on the pressure side
and contracting OD the suction side. The local lift in-
crease %y the- jet thus %ecomGs smaller. It was possible
to verify the correctness of this supposition by tests
with a jet of water. By means of air bu%bles the jet was
rendered visible, and thus the jet deformation caused %y
a tving of varying chord could be observed. The better
agreement let~een theory and experiment at the larger an-
gles of attack is also apparent,. The flow about the wing
without jet %egins to break away, whereas in the presence

i.

——_ ..—.-.,,, —— ,m—mmmm nmmmmn I III - m I
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of the jet, separation occurs ‘later, and *his, condition
llca(~)

gives rise to ‘greater value’s”of
:;:G> “9

TO the simplifying assumptions of Koning, there is
thus.to be added a still further restriction, namely, that
the ratio of wing chord to jet radius must be small enough
to maintain constancy of the jet cross “section.

Downwash Measurements

In order to obtain information on the flow”’relations
at the location of the tail do~n~ash measurements were
made in a plane at a distance of 2.5 chords behind the
wing leading edge. Since the case of a jet without rota=
tional velocity components with constant velocity distribu-
tion is of less practical importance, we considered it
sufficient in this case to determine the downwash angle
with the aid of a “feeler vanell only. This vane consisted
of a metal plate 30 cm long by 10 cm deep, suspended on a
scale behind the wing. Figure 19 shows the arrangement
for the downwash measurements behind the wing without fan;
the vane can also %e made out on figuro 2. The measurements
were mado at four different vertical positions behind the
wing. Figure 20 shows the. arrangement and the definition
of the symbols. Tho setting of the vane was so adjusted
that its lift vanished. Figure 21 gives the results of
the measurements. The jet causes an increase in the down-
wtash angle.

IV. EFXECT OF THE PROPELLER SLIPSTREAM ON THE WING

Test Set-Up, Procedure, and Results

In the following in~e~tigations the jet from the fan
is replaced by that from.a propeller. The test set-up is
shown on figure 22. A small high-speed electric motor en-
closed in a wooden fairing, drives the propeller. The
latter, has a diameter 2R = 15 cm, and a pitch H/D = 0.4
(fig. 23> The measurements were conducted ,_ata propeller
advance ratio ~ =-0,15. Larger values “of ~ ‘we’re no-t
used. since the propeller Would give no increase in velo,ci-
ty on account of the ~alce of the streamlined body which
it would first be necessary for the propeller to acceler-
ate. Before the.start of the measurementsp roper, the
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propeller slipstream was investigated in the a3sence of the
wing. Figure 24 shows tile variation of the angle of rota-
tion, and figure 25 shows the dynamic pressure at various
distances from the plane of the propeller disk. The dy-
namic pressure was measured with a Prandtl-type tube, and
the angle of rotation with a two-pronged instrument. In
all of these flow-angle measurements, the angle given is
always the inclination of the flow to the horizontal. The
propeller axis was fixed in the direction of the tunnel
air velocity, and the angle between the zero-lift direc-
tion of the wing and the propeller axis was thus equal to
the angle of attack. The distance between the plane of
the propeller disk and the wing leading edge was 0.375
chord.

The results of the three-component measurements are
given in figures 26 and 27. In this case, too, there is
an increase in the lift slope dca/da as a result of the
jet. The two lift lines intersect, however, at the value
of the coefficient Ca = 0.2 (fig. 26). At smaller an-
gles of attack therefore, the propeller slipstream leads
to a decrease in the lift. This phenomenon has also been
observed from the results of various flight and model tests
with power on (references 15, 17, 20). A closer examina-
tion of this effect will be made in connection with the
study of the lift distribution. (See below. ) As in the
case of the jet free from rotational components, the moment
curves of the wing are unchanged, whereas the polar shows
a constant increase in the drag. Also in the presence of
the propeller slipstream, separation of the flow on at-
taining large angles of attack first occurred outside the
region of the jet.

The lift distribution was obtained by means of pres-
sure-distrilmtion measurements. The distribution curves
are “shown on figures 28, 29, 30, and 31; figure 32 shows
the lift coefficients obtained from these. In the pres-
ence of the propeller slipstream, two factors are effective
in changing the lift of the wing, namely, the “increase in
the dynamic pressure in the jet and the change in the rel-
ative wind direction due” to the rotation of the propeller
slipstream. The effect of the increase in,the dynamic
pressure is proportional to the lift and, hence, approxi-
mately proportional to the angle of attack, while the ef-
fect of the rotation is, in general, independent of the
angle of attack as long as the linear portion of the lift
curve is being considered. As may le seen from figures
24 and 25, the dynamic pressure increase and the jet rota-
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tion act in the same sense (tending to increase the lift)
on the right side (positive values of Y), while on the
le”ft side’ the rotation an”~le .an”dtho increase in the dy-
namic pressure oppose each other in their offcct on the
wing. Whether the one or the other effect prevails, de-
pends on the angle of attack as ma g le seen from figure 32.
For angles of attack up to about 8 the, effect of the ro-
tation angle is predominant - the propeller slipstream
producing on the left portion a decrease in lift a.s com-
pared with the wing in the absence of the propeller. This
effect may therefore be strong enough so that for the
smaller angles of attack the $otal change in lift may even
become negative as a result of the propeller slipstream.

Domnwash Measurements

With the arrangement indicated above for the feeler
vane (figs. 22 and 33), the d.otvnwashwas measured at the
location of the tail. The results presented in figure 34
show an unexpected decrease in the tiotvnwashangle duc to
the propeller slipstream. This result which, on repeating
the” test, prove~ to be reproducible, stands in contradic-
tion to practical experience and model tests (reference 5),
which always give an increase in the dotvnwash angle. The
explanation is -prolably to be found in the fact that while
the total lift at the vane vanishes, the lift may not van-
ish locally everywhere, The measuring vane is relatively
largo compared with the jet dimensions (vane span 30 cm,
propeller diameter 15 cm), so that a consid.crable portion
of the vane lies in the upwash near the jet. In tho case
of the model measurements referred to above, the ttail was
located entirely in the prope].ler slipstream.

In order to study with sufficient accuracy the effect
of the propeller slipstream on the flow at the tail, and
also to investigate the jet itself, a survey of the flow
field in magnitude and direction was made in a plane nor-
mal to the wind” direction at 2* chords behind the leading
edge of the wing. Figure 35. shows the l-ocation of the
measuring plane. As a &o’ntrol and for applying a correc-

tion, there was first measured the flow direction from the
tunnel alone, the tunnel. flow being found free from ro-
tational components. There was then determined the down-
wash angle behind the wing in the absence of the propeller
at the”’two positions y~t = ~ 0.533 (fig. 36). The “val-
leysll shown”on the curves as shifting upward wit,h increas-
in~ angle of attack are due to the domnwash from the wing.
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The downwash relations for the various angles of attack
are given in figures 37”, 38,. 39, 40, and 41. The cross-
hatched areas represent the change in the dynamic pres-
sure ; they bring out the fact, particularly noteworthy,
that the propeller slipstream is cut %y the wing into two
parts which do not again unite into a single jet. In ac-
cordance with the jet rotatidn, the upper portion is devi-
ated to the left and the lower portion to the right. Com-
parison with figures 24 and 36 shows that the wing removos
a considerable portion of the rotational motion in the
propeller slipstream and this acts to some extent as a
flow straightener.

V. hfiUTUAL INTERACTION OF WING AND PROPELLER

Test Set-Up and Procedure

In the following tests a study was made of tho mutual

interaction of wins and propeller, the angle between the
zero-lift direction and the propeller axis being varied
hptween 0° and 15°. Yor this purpose it was necessary to
make an arrangement whereby the propollcr and wing could
interact without any outside disturbance. An undesirable
effect would have been o%tained, for example, if the driv-
ing motor for the propeller mere located in a nacelle at
the wing. The previously employed arrangement of enclos-
ing the motor in a fairing ahead of the wing would, in
the present case, have led to difficulties in mounting and
undesired effects on the flow since, with changes in angle
of attack of the wing, the propeller axis would correspond-
ingly have to %e rotated along. The inclined flow on the
motor body would have given rise to considerable disturb-
ance .

~i~ure 42 ~homs the model used in the t~st. The no-
tor is attached outside of the flow to an end disk and
drives the propeller through a pair of bevel gears and,a
shaft located in the wing. Figure 43 shows the wing with-
out, and figure 44 with, motor,,enclosed in the fairing.
The wing, of profile section Gottingen 398, has a span
b = 80 cm and a chord t = 20 cm, with end disk diameter
h = 32 cm. Figure 45 shows the lift curve of the wing
alone , and f~~re 46$ the polar. The coefficients aro
given in table II. To carry out the pressure-distribution
measurements, 20 measuring stations wit,h 14 orifices ea~
were distributed over the span. The propeller shaft was



IT.A. C.A. Technical Memorandum No. 874 15

located in a bearing piece (fig. 42). By interchanging
th%s. leaq~ng v$th. others, it was possible to obtain dif-
ferent settings K of the wing chord to the p“rOP”eller
axis. Four such pieces were used (fig. 47). On figure
48 are indicated the two extreme positions of the propel-
ler axis and the de~inition of K; the four values of K
used mere 9°, 4°, -1°, and -6°.

The propeller used in these tests is shown on figure
49, and its thrust, torque, and efficiency curves are
given on figure 50. With the arrangement employed, H/D =
1.0 and 2R/t = 1.034. In the three-component measure-
ments the values of A used were 0.13, 0~16, 0.20, 0.35,
and 0.55; while in the pressure-distribution and downwash
measurements the ve.lue of 0.13 tias omitted. The tunml
air velocity ,in all cases was 30 m/s.

TeS’t Results

‘The numerical values of the three-component ?neasure-
ments are given in table III. Figures 51, 52, 53, and 54
show the variation of the lift witlh angle of attack. For
the purpose of discussion of the results, it is to be
noted that the total lift measured on tile scale was made
up of four component parts:

1. The lift from the wing itself, AIY

2. The lift at the ~in,g due to the propeller slip-
stream, Ast.

30 The component of the propeller thrust in the lift
direction, AT.

4. The lift due to t]l~ inclined tunnel flow on the
propeller, AL.

In general, the lift of the wing Am ly’ far exceeds
the other components. Of the other three components, an
important part with regard to the forces is played’ - ex-
cept in extreme cases only - by” that due to the propeller
slipstream (ASt), while the othertwo (AT and AL) may
he neglected. Hovever, in the. study of the moment equi-
librium about the lateral axis, the two forces AT
AL

and
are of significance since they generally act on a rel-

atively large lever arm., Whereas the lift of the wing
depends essentially on”the angle of attack,. in the case of
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the other three components there also enter s”the
the angle K since the vropcller is attacked at

effect of
the an-

gle -a-l%. For the nor~al-range of values of a and K
the following may be stated. With increasing value of K,

Ast becomes larger siilce the angle at which the wing is

attacked by the propeller slipstrce,m becomes larger; AT

tind AL become smaller, however, since the angle between
the propeller axis and the wind direction (= a - K) be-
comes smaller.

Figures 51, 52, 53, and 54 show the increase in the
dca

lift slope ~a– through the effect of the propeller. Tb.e

effect described above - namely, that .% smaller.angles of
attack the jet leads to a decrease in the lift - may also

he observed in this case. The position of the point of
intersection of the lift lines depends, however, on the
angle K, and the decrease :.nlift hccomes less with de-
creasing K. From the consideration on the lift distri-
bution, it may be coilcluded that in the region of small
angles of attack for larger values of K, ASt > AT + AL.

Furthermore , it is to be cxpcctcd that at small values of
h ,that portion of the lift contributed directly by the
propeller (AT + AL) gains in importance and that with

increasing K, the total lift becomes smaller. Figure 55,
showinE the lift curves at A = 0.13 for various values
Of K, confirms this prediction.

&ca
Figure 56 shows ~~– as a function of K, and fig-

‘t ma~y beure 57 as a function of A. . seen that the ef-
fect of the angle K on the total lift is not large.
This fact comes out even more clearly when the polars are
studied (figs. 58, 59, 60, and 61). Figure 62 shows the
polars for A = 0.13, 0.16, and 0.20 for various values
of K. With the exception of the polar for
K 90

~ = 0.13 and
= the curves almost all coincide. This means there-

fore that in varying the angle K within the prescribed
limits, the individual effects (slipstream, inclined pro-
peller, etc.) vary, but the sum of the effects on the en-
tire wing-propeller system remains constant.

I!xcept for the maximum lift region, in passing frOm
one value of A. to another, the value of Cw changes by

an amount which is inde~endent of the lift coefficient
(Ca); that is, for cha~ges in ~ the polars shift

the ‘w axis. Starting from the polar of the wing
the value Acw by which cm changes, is a measure

along
alone,
of
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the propeller thrust. The disk loading of the propeller

s
c~ = ——-

~s qo
= + ~ LJ... z= ;$:~

(s = thrust ,

Fs = propeller disk area) z ~~ti T—.. .—
+ ‘“ -@&’ ‘+,:’;”

is obtained from the relation:

F
Cs = A% (F =

F;
wing area)

Figure 63 shows c~ as a f-unction of ~ for the propel-

ler alone and for the propeller. in the presence of the
wing. The difference between the two curves gives the
interference effect of wing and propeller~

———————.. .—

a
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The moment curves (with respect to the wing leading
edge) are shown in figures 64, 65, 66, and 67. The un-
stalilizi.ng effect of the propeller may be seen first from
the increas= in the values of cmo s and secondly, from

the lowering in dcm/dca with increasing values of h.

No effect of the angle K on the values of dcm/dca

could be made out. (See fig. 68. ) I?igure 69 shows the
variation of the stability coefficient d~m/ dca of the

wing with propeller. Figure ’70 shows the value dcm/dA,
which plays an important part in the theory of longitude-’
nal stability, as a function of A. In the determination
of these- values, no dependence on ca was found within
the limits of accuracy employed.

For the determination of the lift distribution along
the span, pressure-distribution measurements were carried out,
the test set-up corresponding to the one already described.
The measurements mere made “at the angles of attack which
correspond to the main flight conditions: high-speed flight
(a = ‘3°) and take-off and climb (a = 8“). The pressure.
distribution curves are in this case not given since their
character does not differ from the curves given in the
preceding sections. Figures 71, 72, ’73, and 74 show the
spanwise lift distributions. For operating conditions, in
which the propeller produces a thrust (A = 0.16 and 0.20),
the propeller slipstream giyes rise to a strong increase
in lift, whereas in the case where the propeller is oper-
ating as a nindmill (h = 0.55), the propeller slipstream
results in a lowering of the lift. To the left sides of
the figures the dynamic pressure increase and the angle of
jet rotation act with opposite effect on the wing, and
this explains the llunrestll in the lift distributions, par-
ticularly at the jet boundary (y/R ~ -1), where the
vortices separating from the propeller-blade tips are lo-
cated.

In the pressure-distri’oution measurements the value
of Am + ASt is measured as the lift. The effect of the
angle K on the lift distribution must therefore 3e taken
into account sincm ASt depends on K, although Aw \

does not. This effec’t of K may be clearly made out on
the figures and is more evident in figure 75, which shows
the lift distribution for A = 0.16 ‘with different val-
ues of K. With increasing values of K, the increase in
lift as a result of the jet is greater since the direc-
tion of the jet causes an increase in the effective angle
at the wing center.

... - .-—.—,.. ,. m -..,, . . ,, .,, ,,, ,,, ,, ,,, ,,, , ,,, , ,,---- , ,,, , , ,,,---
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.,. Of particular ,importance is the separation process on
attaining, large angles o.f attack.; In ,order to study this
process, tuft investigations,were made on the wing”witb
and without propeller, and photographs also obtained on a
film. Figure 76 presents the results of these tests. At
the crosshatched areas the flow has separated. The left
half of the figure shows hom separation at the wing alone
begins at the trailing edge of the wing center and from
there on spreads over the entire wing. In the case of the
wing in the presence of the propel&er on the right half of
the figure, the value of K was 4 and A = 0.16. Separa-
tion starts at the trailing edge at the positions.of the jet
boundary, and from there on the separation is propagated
toward the wing tips, whereas in the jet region itself the
flow continues to adhere far beyond the maximum lift. ITO
effect of the nonsymmetry a.ue to the propeller rotation
could clearly %e made out on the separation process.

Downwash Measurements

Iila plane 2+- chords behind the wing leading edge
the downwash was measured in direction and magnitude with
the aid of a dynamic pressure sphere. The test set-up is
shown on figure 77, and fi~ure 78 shows the relative dimen-
sions. The measurements were made along two horizontal
lines: one in the projection of the ming chord (position
I), the other 0029 chord shove the latter (position II).
In changing the angle of attack of the wing the position
of the sphere was like~~ise all~ays changed to correspond to
the rigid arrangement of wing and tail.

The moment MH of a horizontal tail surface ‘is, with
the usual notation

‘H = ~o rl~ (~-~)%FHi c!

and hence the stability contribution of the tail

The factors in front “of the brackets are design values of
the tail while the expression ~vithin the brackets is a
measure of the “quality of the flOW at the position of the
tail. This value we shall” denote by E. It is immediate-
ly evident that for an’~le~ator in a nondistu~bed flow

,,:.. ,.,,
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c 1. The terms elservhere proposed of “tail efficiency”
or=tlstability efficiency itdo not correctly bring out the
significance of E ; a better term would appear to he
llefficicncy of the tail flow.l[ Therefore, we have:

In our measurements, in which A and q. were held coi~-

stant with change in angle “of attack,

may approximately %e set equal to zero, so that

‘=(’-%);:
Figure 79 shows the domnwash for the wing without

propeller. At the angle of attack a = 16°, the floti
h~d already separated. The small downwash value at a =
8 arises from the fact that in this case the sphere was
located in the dead-air, region of the wifig. The effect of
the propeller on the downvash relations is shown on fig-
ures 80, 81, 82, and 83. The crosshatched areas give the
changes in the dynamic pressure. The values shown are for
a=- 3° and 8°. In order to include the effect of the
inclination of the propeller to the wing chord the meas-
urements were taken for K = 9° and -6°.

In the study of the domn~ash, it is to be notqd that
several factors determine the flow behind the wing l~ith
propeller, namely, the down-wash of the wing itself, the
dead-air region of the wing, the locally limited propeller
slipstream with rotation and variation in” dynamic pres-
sure, and the effect of the slipstream on the flow in its
neighborhood. According to the angle of attack the pro-
peller’ slipstream will envelop the entire tail or only a
partof it, or may pass above or below it. The dead.-air
region of the’wing leads in general to a decrease in the
do~n~ash and the dynamic pressure. The shape of the.dead-
air region is changed by the jet. Pigures 80 to 83 show
the interaction of all these factors. In position I (in
the projection of the wing chord) the jet effect may he
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made out in the case of all four measurements, whereas in
~ositi.on .11,.particula.rly at a,= -3°, the direct jet ef-
fect is vanishingly small. Z!lieupper half of figure 80
brings out .-theeffect of the dead-air re~ion of the wing.
l?igures 84 and 85 show the variation of E , the l’efficicn-
cy of the tail flowlf al”on& the span. Difficulties were met
with in determining 38/Z3a since the value of 6 very
much depends on Which of the ~lany factors mentioned above
is predominant at the particular position. It is impossi-
ble to make any definite statement as to whether the sta-
b~.lity contrilmtion of a tail surface in the flow investi-
gated is diminished %y tb.e effect of the propeller slip-
stream. In all the meas~~.remenfjsit may clearly be made
out t~hat t~.ere exists upl~ash near the jet. ~The inclina-
tion of the propell.e_r_-~_~_is(K) has no demonstrable Eli-.......
f~n the .]own~ash, whiE17%E~Z~=---”-’–”-–-”

__——. -.._...—--------
in good agreement with

the”-cofistancy found for the total lift. .

VI. SUMMARY

In the first part of the investigation the effect on
a wing of a jet without rotation with constant velocity
distribution, is determined. The jet gives rise to an in-
crease in the lift. i~o accurate check on the theory of
I{oning, which unfi.erli~~ this case, COUld be undertaken
since some of the assumptions made in the theory cannot be
satisfied in the test, The downwash measurements at the
tail location showed an increase in the down~rash angle due
to the jet.

In the second Fart of the investigation the wing was
under the effect of the jet from e,propeller whose axis
was fixed in the direction of the undisturbed wind. The
rotation and the dynamic pressure c~anges in the jet re-
sult in a nonsy~mmotrical variation in the lift. study of
the downwash relations led to the result that the two por-
tions into ~~hich the jet is divided Yy the ~Ting do not .
again reunite %ehind the wing but that each -portion experi-
ences a la’teral deviation in the direction of the jet ro-
tation.

In the third part, the mutual interaction of wing and
propeller was investigated. The propeller shaft, which
was driven by a motor attached outside the wing itself,
could be inclined with respect to the wing chord-. This
inclination has considerable effect on the change in lift
of the wing by the propeller slipstream. The total lift of
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>

the wing-propeller system in which lift is included be~
sides that. of the wing proper, the component of the pro-
peller thru’st in the lift direction and the lift due to
the inclined position of the propeller with respect to the
wind direction, is hardly affected by the inclination of
the propeller-to the wing chord, and similarly, no effect
could be established on the moment curve. The propeller
increases the instability of the wing. By dovnwash meas-
urements it was determined to what extent the character
of the flow at the tail is changed under the effect of the

b

propeller slipstream.
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Figure 2.- Test.set-up for measur.
ing the polars.

t3tream.
Figure 19.- Test-up for the down-

wash measurements with
a feeler vane.
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Figure 3.- Cross section of fan and casing.
a propeller, b guide vanes, c motor, d honeycomb, e mesh,
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Figure14.- Incretnsein liftaccording
to the theory.Positionof

wing with respectto the propellerand
the relativewind direction.
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Figure15.-Lift distributionaccordingto theory
and measurement,s=O.18.
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Figure 43.- Wing with motor not Figure 44.- Wing with motor enclosed
enclosed in fairing. in fairing.

Figure 47.- Bearing pieces for
propeller shaft.

Figure 77.- Test set-up for the down:
wash measurements with

dynamic pressure sphere.
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Fiare 50.-Characteristicsof freely
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., Figure 51. R = 9°.

Figure 52. K = 4°.

Figure 53. K S=-lO.

Figure 51,52,53.-Effect of propeller slipstream on lift coefficient.
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